In order to verify if quantitative assessment of the WT1 transcript amount by the real time quantitative PCR (RQ-PCR) can be used as a marker for minimal residual disease detection, the WT1 transcript amount was determined in BM and PB samples of patients with myeloid and lymphoid acute leukemia, in normal controls, in regenerating bone marrow samples and in purified CD34-positive cells from normal subjects. In 10 patients bearing a fusion gene transcript suitable for minimal residual disease quantitative assessment, we performed a simultaneous analysis of the WT1 and of the fusion-gene transcript at sequential time intervals during follow-up. Sequential WT1 analysis was also performed in five AML patients lacking additional molecular markers. The data obtained show that normal and regenerating BM samples and purified CD34-positive cells consistently express minimal amounts of WT1 transcript and that this is extremely low and frequently undetectable in normal PB. By contrast, high levels of WT1 expression are present in the BM and PB samples of all acute leukemia (AL) cases at diagnosis. The WT1 levels during follow-up were found to follow the pattern of the other molecular markers (fusion gene transcripts) used for MRD monitoring and increased WT1 expression in the BM and/or PB during followup of AL patients was always found to be predictive of an impending hematological relapse.
Introduction
Recent studies have shown that assessment of minimal residual disease (MRD) may prove useful to better address treatment intensity in human leukemia. [1] [2] [3] [4] However, so far applicability of this strategy has been limited to those leukemia subsets characterized by genetic markers amenable to sensitive detection by PCR. The latter include fusion genes derived from chromosome translocations, such as PML-RAR␣ in acute promyelocytic leukemia (APL) and BCR-ABL in chronic myelogenous leukemia (CML) or immunoglobulin and T cell receptor gene rearrangements in acute lymphoblastic leukemia (ALL). [1] [2] [3] [4] At present, more than 50% of the acute leukemias, and in particular most AMLs, lack known genetic lesions or clonality markers suitable for MRD monitoring. Thus, a number of studies have been performed in the attempt to identify cytogenetic and molecular abnormalities associated with leukemic transformation. In this setting the use of the Wilms' tumor gene (WT1) marker would be of great interest. WT1 is a tumorsuppressor gene coding for a zinc-finger transcription factor located on chromosome 11p13, which was originally identified for its involvement in the pathogenesis of the Wilms' tumor. 5 In normal bone marrow (BM) and peripheral blood (PB) WT1 expression is extremely low and often undetectable even by RT-PCR. 6, 7 By contrast, high expression levels of WT1 have been reported in acute leukemia (AL). [8] [9] [10] [11] Although the significance of WT1 overexpression in acute leukemia remains unclear, the phenomenon might be exploited as a marker to establish the presence, the persistence or the reappearance of leukemic hematopoiesis, with the potential advantage of using a single marker suitable for the evaluation of most patients. At present, however, results obtained using qualitative RT-PCR have been controversial in terms of clinical significance, presumably due to the interference of the small amounts of WT1 transcript also expressed in normal hematopoiesis, [12] [13] [14] and quantitative RT-PCR studies have provided only preliminary results in a limited number of cases. 15, 16 To try to study this problem, we therefore decided to set up a sensitive and reliable real time quantitative RT-PCR (RQ-PCR) approach aimed at assessing the expression levels of WT1 and analyzed the PB and BM of normal subjects and of patients with cytogenetically defined groups of AML and ALL. In order to verify if this method could be conveniently applied to MRD monitoring, we evaluated sequential samples from 10 patients whose leukemias were characterized at diagnosis by a specific fusion gene transcript potentially suitable for quantititative assessment of MRD and from five other AML patients lacking additional molecular markers.
Materials and methods

Patients and controls
After informed consent, samples from 119 leukemia patients (71 AML and 48 ALL) were tested for WT1 expression. In all cases BM samples were studied. In 14 AML and 16 ALL cases we also tested the paired PB sample. In addition, we tested a control group of 53 normal samples (20 BM and 33 PB), and nine regenerating BM samples, obtained from AML patients in complete remission after recovery from chemotherapyinduced aplasia and samples of purified CD34-positive cells obtained from normal subjects (peripheral blood stem cell donors). All leukemia cases were classified according to FAB criteria, characterized at cytogenetic level and screened by RT-PCR for the presence of the most frequent fusion transcripts as previously described. 17 To assess the significance of the WT1 expression as a marker for MRD detection, in 10 AML patients characterized by the presence of known fusion genes (six CBF␤-MYH11, four AML1-ETO) a simultaneous quantitative assessment of the WT1 transcript together with that of the present fusion transcript was performed by RQ-PCR. For this purpose, BM and/or PB sampling was performed at diagnosis and at sequential time intervals during follow-up. A similar sequential analysis for WT1 expression was also performed in five AML patients lacking other additional markers suitable for MRD monitoring.
CD34-positive cells enrichment
CD34
+ cells were enriched according to a magnetic cell sorting methodology (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany). 18 Briefly, mononuclear cells were labeled with a haptenized CD34 antibody (QBEND\10) that was magnetically labeled in a second step reaction with an anti-hapten antibody coupled to super paramagnetic microbeads. Labeled cells were then separated using a high gradient magnetic separator column placed in a strong magnetic field. The magnetically stained cells were retained in the column, and when this latter was removed from the magnetic field the CD34-positive cells were eluted. At the end of the procedure, the CD34-positive cells represent more that 90% of the total as determined by flow cytometric analysis
Qualitative RT-PCR analysis
Mononuclear cells were separated on a Ficoll-Hypaque density gradient. Total RNA was extracted using RNAwiz, following the manufacturer's instructions (Ambion, Austin, TX, USA) The qualitative RT-PCR reactions were performed according to the protocols established by the European BIOMED 1 Concerted Action, as described. 17 For WT1 we used the following primers: Forward primer located on exon 7: 5Ј-GGCATCTGA-GACCAGTGAGAA-3Ј; reverse primer located on exon 10: 5ЈGAGAGTCAGACTTGAAAGCAGT-3Ј.
Quantitative assessment of fusion-gene transcripts in acute leukemias
The quantitative assessment of the CBF␤-MYH11 and AML1-ETO transcripts was determined using the ABI PRISM 7700 Sequence Detector (PE Applied Biosystem, Foster City, CA, USA) according to the methods of the European SANCO Concerted Action of the Europe Against Cancer Program. 19 
Quantitative assessment of WT1 transcripts
The RT (reverse transcription) step was adapted from the BIOMED 1 protocol. 17 Starting from 1 g of total RNA, random hexamers were used at a concentration of 25 M and 100 U of the reverse transcriptase (Applera, Milan, Italy) were added to the reaction mixture, obtaining a significant enhancement of the assay sensitivity. RQ-PCR reactions and fluorescence measurements were made on the ABI PRISM 7700 Sequence Detection System (PE Applied Byosystems).
The RQ-PCR primers and probe for WT1 were: forward primer (located on exon 7): 5Ј-CAGGCTGCAATAAGAGAT-ATTTTAAGCT-3Ј; reverse primer (located on exon 8): 5Ј-GAAGTCACACTGGTATGGTTTCTCA-3Ј; TaqMan probe (located on exon 7): 5Ј-CTTACAGATGCACAGCAGGAAGCA-CACTG-3Ј. The fluorescent probe was labeled with 6-carboxy-fluorescein phosphoramide (FAM) as reporter dye at the 5Ј-end and with the quencher dye carboxy-tetramethyl-rhodamine (TAMRA) at the 3Ј-terminus.
For the PCR reaction, 5 l of cDNA was added to 20 l of PCR reaction mix containing 12.5 l of TaqMan Universal PCR Master Mix (Applera) and 300 nM of each primer and 200 nM of the probe, respectively. Sterilized water was added to reach a final volume of 25 l. PCR procedure started with a step of 2 min at 50°C to activate the UNG enzyme, followed by 10 min at 95°to inactivate the UGN enzyme and to provide a 'hot start' activating the AmpliTaq polymerase. Subsequently, 50 cycles of denaturation at 95°C for 15 s followed by annealing/extention at 62°C for 60 s were performed. All sample analysis was performed in triplicate and the results showing a discrepancy Ͼ1 Ct in one of the wells were excluded and repeated. For low WT1 levels as those present in normal PB samples, even a single positive well out of three was considered positive and the WT1 copy number calculated dividing by three.
For quantitative assessment of WT1, a calibration curve with a plasmid containing the WT1 target sequence was used (Amplimedical spa Bioline Division, Turin, Italy). Briefly, the standard curve was obtained by serial dilutions ranging from 10 6 to 10 molecules of a linearized plasmid obtained by cloning the target WT1 sequence into a PCR II TOPO vector (Invitrogen, Groningen, The Netherlands). The corresponding standard curve generated a mean slope of −3.45 and intercept of 39.8 ± 1 Ct. A threshold at 0.1 was selected in order to be in the exponential phase. The sensitivity of the RQ-PCR assay for WT1 was constantly able to detect 10 plasmid molecules and was further established by diluting the K562 cell line into normal lymphocytes obtained from the peripheral blood of a normal subject that scored repeatedly negative (Ct Ͼ 50) for WT1 expression. Under these experimental conditions, the RQ-PCR was able to detect a positive WT1 signal at a K562 cell line dilution of 1 × 10 −6 . The WT1 and fusion transcripts values obtained by RQ-PCR were normalized with respect to the number of ABL transcripts and expressed as WT1 or fusion-gene copy numbers every 10 4 copies of ABL. For the Philadelphia-positive ALLs (and for a limited number of samples representative of the other subgroups to show correspondence), normalization was performed using GUS (␤-glucuronidase gene) instead of ABL as control gene, as the RQ-PCR reaction for ABL also detects the BCR-ABL transcripts and gives misleading results. As shown in the cooperative work of the European SANCO Concerted Action of the Europe Against Cancer Program, 21 the level of ABL and GUS are very similar and the expression of the two genes is highly correlated (P Ͻ 10 −6 ), showing that both targets can represent very similar and good controls. 
Statistical analysis
The comparison between the WT1 values obtained in the different types of leukemia was performed with non-parametric tests (Mann-Whitney U test for unpaired samples). To compare the AML and the ALL groups we used the Student's t-test.
Results
WT1 expression in diagnostic leukemia samples
The data obtained on the quantitative assessment of the WT1 transcript present in normal controls and in leukemia samples at diagnosis are summarized in Tables 1 and 2 , respectively. The WT1 levels were extremely low in normal samples: 14 out of the 33 PB samples tested, scored negative and the Conversely, all the samples from AML patients collected at diagnosis were positive for WT1 expression at qualitative RT-PCR. The quantitative assessment carried out in 71 AML BM and 14 PB samples showed a median WT1 copy number of 27 669 (ranges: 1081-121 806) and 10 244 (range 758-86 140), respectively. No statistical difference between cytogenetic groups and WT1 expression levels was found except for the t(15;17) APL cases, that expressed significantly higher amounts of WT1 with respect to all the other groups considered together (P = 0.009), whereas the four cases with a t(6;9) translocation showed low values of WT1, which, however, do not reach statistical significance with respect to the others.
It is noteworthy that, at presentation, 30 out of 37 (81%) AML cases lacking a molecular marker suitable for MRD monitoring were showing levels of WT1 transcripts at least two logs higher than normal bone marrows and eight out of 37 (21%) were showing three logs higher, indicating that, at least in these cases, WT1 is expressed at a sufficiently high level to represent a reliable and sensitive marker for MRD detection.
WT1 overexpression was also detected in all the ALL cases tested, but the median copy number was generally lower than in AML and the difference between the two groups was highly significant in the BM samples (P = 0.000028). A median of 1388 copies (range 212-34 708) in PB and 13807 copies (range 318-94 682) in BM was detected. The t(4;11) and the t(9;22) cases were the two groups expressing levels of WT1 significantly higher than all the other cases considered together (P = 0.0003 and P = 0.0015, respectively) whereas the t(1;19) translocation seems to define a subgroup which presents a low WT1 expression with respect to all the other groups (P = 0.0003).
Use of WT1 as a target for MRD detection
To assess the significance of the WT1 expression as a marker for MRD detection in AML, the WT1 levels were determined during the follow-up of 10 AML patients characterized by the presence of known fusion-gene transcripts (six CBF␤-MYH11 and four AML1-ETO) and in five AML patients lacking additional molecular markers. For this purpose, BM and/or PB sampling was performed at diagnosis and during the subsequent follow-up. In all cases characterized by the presence of a fusion-gene transcript, the longitudinal pattern of the WT1 expression was always found to parallel that of the fusion gene. Three representative AML cases are illustrated in Figure  1 . In the inv(16) AML subgroup, whereas the patient who remained in continuous complete remission (CCR) constantly showed WT1 values within the normal range (data not shown), the five patients who ultimately relapsed showed conversion to levels of WT1 above the normal range already during hematological remission in concomitance with an increase of the CBF␤-MYH11 transcript. In the case illustrated in Figure 1a , the WT1 values were found above the normal range in concomitance with a marked CBF␤-MYH11 increase in a BM sample taken 3 months before the hematological relapse, while the patient was still in hematological remission. In the case represented in Figure 1c , that reports the WT1 pattern in a patient subjected to alloBMT, the WT1 values were found above the normal range in a BM sample obtained already 1 year before the hematological relapse and in two subsequent samples. In this case a GVL effect hampering an overt hematological relapse for almost 1 year could probably have occurred, although we do not have direct evidence of this hypothesis.
Similarly, in the t(8;21) group, three patients who were in CCR never showed levels of WT1 transcript above the normal range (data not shown), whereas in the patient who relapsed (Figure 1b) , increased WT1 levels were detected in both BM and PB already 3 before hematological relapse, while the patient was still in hematological remission.
Although the presented examples show a good degree of concordance of the curves representing WT1and FG levels, they are not completely parallel. As also noted in some cases not shown, it seems that WT1 expression has a clearance more rapid than that of the FG transcripts during induction of 4 ABL copies and are reported in absolute values in the diagram, which is in logarithmic scale. The WT1 values were found above the normal range (the dotted line corresponds to the upper limit found in normals) in concomitance with a marked CBF␤-MYH11 increase in a BM sample taken 3 months before the hematological relapse, while the patient was still in hematological remission. (b) Molecular follow-up of a t(8;21) AML patient by RQ-PCRs for WT1 (blue line) and AML1-ETO (red line). The diagram is in logarithmic scale. The WT1 values were found above the normal range both in a BM (the dotted line corresponds to the upper limit found in normals) and in a PB sample obtained 3 months before the hematological relapse, while the patient was still in hematological remission. (c) In a inv(16) AML patient subjected to alloBMT, the WT1 values were found increased above the normal range 1 year before relapse and in two subsequent samples. In this case, a GVL effect, controlling for approximately a year the appearance of an overt hematological relapse, could also be hypothesized, although no direct evidence of this hypothesis is available. Diagn., diagnosis; CR, complete hematological remission; Rel, relapse; ABMT, autologous bone marrow transplatation; BMT, allogeneic bone marrow transplantation.
remission, but it also seems that its elevation is more prompt than of the FG transcript in predicting relapse (see points 3 and 6 in Figure 1b) . At the moment this cannot be easily explained due to our lack of knowledge on the kinetics of the WTI expression in AML.
Finally, the sequential values found in five AML patients lacking additional molecular markers further suggest that an increase in WT1 level is predictive of hematological relapse. In the three patients who remain in first complete remission the WT1 level are constantly within the normal range both in BM and in PB (data not shown). By contrast, in the two patients who subsequently relapsed, the WT1 levels in the first patient rose above the normal range in BM and PB 4 months before the hematological relapse (Figure 2a ) and in the second patient never reached values within the normal range (Figure 2b ).
Discussion
WT1 is a tumor-suppressor gene coding for a zinc-finger transcription factor located on chromosome 11p13, which was originally identified for its involvement in the pathogenesis of the Wilms' tumor.
5 WT1 is expressed in a variety of tissues including ovary, testis and spleen. 7 In normal peripheral blood and bone marrow WT1 expression was reported to be low and often undetectable even by qualitative RT-PCR. 6, 7 By contrast,
Figure 2
RQ-PCR analysis for WT1 transcript levels in the BM (dark blue profile) and PB (light blue profile) of two AML patients lacking additional molecular markers. (a) In this patient, the WT1 values were found above the normal range both in a BM (the dotted line corresponds to the upper limit found in normals) and in a PB (lighter dotted lines) sample obtained 4 months before the hematological relapse, while the patient was still in hematological remission. (b) In this patient, WT1 values below the normal range limits (dotted lines) were never found during the follow-up, although the patient was in apparent complete hematological remission.
Leukemia WT1 expression has been found to be increased in most cases of acute leukemias, [8] [9] [10] whereas little data are at present available concerning its expression in other types of hematological malignancies, such as chronic leukemias, non-Hodgkin lymphomas and myelomas. 22 At present, the factors responsible for the increased expression of WT1 in acute leukemias, as well as its functional significance within the leukemogenesis process remain completely elusive.
Using a real time quantitative PCR approach, in this paper we show that WT1 expression is detectable, although at low levels, in all normal bone marrows and that in normal PB the WT1 transcript level is extremely low and often even below the RQ-PCR detection limit (10 −6 ). In the bone marrow and peripheral blood of all the myeloid and lymphoid acute leukemia patients tested, WT1 expression is always above the range observed in normal controls and, in most instances, very high. In the cases in which paired PB and BM samples are available, the WT1 expression levels appear generally higher in bone marrow than in peripheral blood.
The WT1 expression levels, however, vary widely from case to case and tend to be higher in certain cytogenetic subgroups with respect to others. In particular, in the AML cases with the t(15;17) translocation and in the ALLs with the t(9;22) and t(4;11) translocations, very high values are observed, whereas in the ALLs with the t(1;19) translocation the mean values are generally only two to three times above the normal level. This suggests that the involvement and the role of the WT1 gene may be different in leukemias characterized by different molecular pathogenetic pathways. Moreover, regenerating BM samples obtained from patients who attained hematologic remission after chemotherapy, although rich in immature precursors, and normal samples highly enriched in CD34-positive cells express WT1 levels within the normal range. These data support the notion that increased levels of WT1 expression are indeed specific to leukemic blasts with respect to their normal counterpart (normal hematopoietic progenitors) and not a simple consequence of the differentiation degree.
Since most myeloid and lymphoid acute leukemias show consistently increased WT1 expression levels, as already envisaged by Inoue et al 23 , this could represent a candidate marker suitable to discriminate between normal and leukemic hematopoiesis and useful to establish the presence, the persistence or the reappearance of leukemic blasts.
In particular, our data show that 80% of the AML cases lacking other molecular markers suitable for MRD monitoring express at presentation WT1 values at least two logs higher than normal bone marrow samples and, therefore, WT1 is expressed at a sufficiently high level to represent a reliable and sensitive marker for MRD detection at least as a FISH analysis in the cases bearing a suitable cytogenetic marker. Moreover, in approximately 20% of these cases, the WT1 values are more than three logs higher than normal and the degree of sensitivity for MRD detection using WT1 as a marker becomes almost comparable to that achievable with the use of some fusion-gene transcripts expressed at low levels as PML/RAR␣.
So far the data concerning the clinical significance of the detection of WT1 expression by RT-PCR for monitoring patients with acute leukemia during follow-up has been quite controversial in the literature. [12] [13] [14] [15] [16] Different levels of sensitivity of the RT-PCR procedures used, different clinical settings in which the studies have been conducted and, as noted by us, the sporadic presence of small non-specific amplification bands mimicking the presence of WT1 expression, may account for the discrepancies observed and support the notion Leukemia that the RT-PCR results with the WT1 expression marker may be misleading for MRD detection.
The data presented in this paper show that an accurate quantitative assessment of the WT1 transcript amount as that provided by the RQ-PCR method allows to distinguish clearly between normal and abnormal expression levels of WT1 and can overcome the problem represented by the minimal amount of WT1 transcript also expressed by the normal hemopoietic progenitors. In the cases in which a simultaneous quantitative assessment of the WT1 transcript and of a leukemia-specific fusion gene transcript was performed, we always observed a good parallelism between the behavior of the two markers. Indeed, minor discrepancies at low levels of expression of the two markers were observed. In particular, the decrease of the WT1 expression seems to be particularly rapid with respect to that of the FG transcript during induction of remission and its elevation more prompt than that of the FG transcript in predicting relapse. At the moment, our little knowledge on the kinetics of the WTI expression in AML does not allow us to reach conclusions on this point, but a possible explanation is that the FG transcript number could reflect the leukemia cell number, whereas WT1 copy levels could be related more to a functional state of the leukemia cells. If this point proves to be true, the WT1 sensitivity in predicting relapses could be even higher than expected. Therefore, even if at the moment the degree of sensitivity for MRD detection through analysis of WT1 expression does not seem as high as that achievable using FG markers or better than other methods (FISH, immunophenotyping), the results obtained show that an increase of WT1 expression above the normal levels can be of prognostic significance during the follow-up of patients with acute leukemia, being predictive of an imminent hematological relapse even some months before its occurrence. In this setting, the finding of extremely low and often undetectable WT1 levels in the peripheral blood of normal individuals and in leukemia patients in CCR, suggests that PB analysis could be even more sensitive than bone marrow in revealing impending relapses. Should this prove to be true in prospective studies, it would greatly simplify the approach to the molecular monitoring of AML patients.
